To evaluate echocardiographic assessment of ventricular function in a changing hemodynamic situation, 20 infants and children undergoing open heart surgery were examined preoperatively and 1, 4 and 24 hours postoperatively by this technique. Clinical evaluation and measurements of cardiac output were obtained simultaneously with each echocardiogram. On the basis of their clinical course and cardiac output, the patients were divided into two groups: group 1 cardiac index > 2.3 1/min/m2 without inotropic support (n = 9); and group 2 cardiac index < 2.3 1/min/m2 and/or need for inotropic support (n = 11). Of the echocardiographic measurements obtained, the left ventricular systolic time interval ratio (left ventricular preejection period/left ventricular ejection time [LVPEP/LVET] ) correlated significantly with the clinical course, separating the two groups of patients completely at each determination. The aortic root velocity (AoV), a new index defined as the anterior excursion (in degrees) of the aortic root from the horizontal plane with systole, also correlated with the clinical course, although this was not statistically significant. Serial changes in LVPEP/LVET and AoV correlated with changes in clinical status and cardiac output for individual patients. Using a formula based on the opening slope of the mitral valve, echocardiographic estimations of cardiac output correlated well with those determined by dye dilution. The results indicate that selected echocardiographic indexes can be used for serial assessment of cardiac performance in patients with a changing hemodynamic state.
ECHOCARDIOGRAPHY has been proved an accurate noninvasive technique for assessing cardiac performance. 13 Echocardiographic measurements of several variables, including ejection phase indexes,3 5 systolic time intervals6 and stroke volume,7 8 have been shown to correlate well with measurements obtained by hemodynamic assessment in the cardiac catheterization laboratory. A noninvasive tool for evaluating cardiac function would be an important aid in the care of critically ill neonates or children in whom instrumentation is difficult, time-consuming and fraught with morbidity.9 Although echocardiography has been used primarily for isolated static evaluations, it appears to be well suited for sequential monitoring of an unstable cardiac status."0-"4 To validate the use of echocardiography in the assessment of a changing hemodynamic state, the technique was applied to a group of pediatric patients undergoing open heart surgery who had simultaneous clinical evaluation and cardiac output determination.
Methods

Patient Population
Twenty patients, ages 5 days to 8 years (mean 3.3 years), who underwent open heart surgery were studied. There were 11 males and nine females with a wide variety of congenital diagnoses (table 1). The patients were unselected. Only one patient was eliminated from the study because postoperative echoes could not be recorded. Several patients were eliminated because mechanical difficulties with central lines or equipment did not allow collection of clinical data.
Echocardiographic Evaluation
Echocardiograms were performed within 24 hours preoperatively and 1, 4 and 24 hours postoperatively. The ultrasound recordings were obtained with a Hoffrel 101 ultrasonoscope using either a 5-MHz or 7.5-MHz unfocused transducer. The echocardiographic tracing and ECG were recorded on a Honeywell recorder at a paper speed of 50 or 100 mm/sec. The electrocardiographic lead that most clearly showed the onset of ventricular depolarization was used.
Echocardiograms were obtained from the left sternal border by the standard techniques described by Feigenbaum.15 The anterior leaflet of the mitral valve was detected and a scan of the left ventricle from base to apex was performed. The left side of the interventricular septum and the endocardium of the posterior left ventricular (LV) wall were carefully delineated. Atrial septal defect (secundum) 3 Atrial septal defect (primum) 1 Complete atrioventricular canal 1 Tetralogy of Fallot 5 Pulmonary stenosis 2 Pulmonary atresia, S/P Brock and Waterston 2 773 Voi 62, No 4, OCTOBER 1980 The transducer was then rotated cephalad and medially to record the aortic root at the level of the valve leaflets. Despite chest dressings, postoperative tracings were usually recorded with ease. Echocardiographic measurements are shown in figures 1 and 2. At the level of maximal excursion of the anterior mitral leaflet with good visualization of the posterior leaflet, the mitral valve amplitude (MVa) was measured from the D point, where diversion of the anterior and posterior leaflets is apparent. The distance from the tip of the anterior mitral leaflet to the interventricular septum was also measured at this level. LV end-diastolic diameter (Dd) was measured at the onset of the QRS complex of the ECG. LV endsystolic diameter (Ds) was measured at the point of maximal anterior excursion of the endocardium. Posterior wall excursion (PWe) was measured from the end-diastolic position of the endocardium to the maximal anterior point of the endocardium ( fig. 1 ). From the echocardiogram of the aortic root at the level of the valve leaflets, the LV preejection period (LVPEP) and LV ejection time (LVET) were a::; -= 8 ; s s s t 0 i s e a v 8 V \ w \ e o d 8 2 0 ; 0 0 g
measured using a multiple record comparator and a vernier device with an accuracy of + 0.1 mm. The diameter of the aortic root was measured at the onset of electrical systole and the aortic valve intercusp distance was measured immediately after valve opening. The aortic root velocity was defined as the number of degrees of anterior motion of the anterior aortic root from the horizontal plane with systole ( fig. 2 ). Clear recording of the anterior aortic root is necessary for this measurement, which is uniformly made at a paper speed of 50 mm/sec.
Multiple indexes of LV performance were derived. Mean or normalized velocity of circumferential fiber shortening (Vcf) was calculated as: Dd -Ds/Dd X LVET.4 Mean normalized velocity of posterior wall excursion was calculated as: Vpw -PWe/Dd X LVET.5 Shortening fraction (%,Xd) was calculated as: Dd -Ds/Dd x 100.3 The mitral valve amplitude was expressed as a fraction of the LV Dd, as was the distance from the tip of the anterior mitral leaflet at endsystole to the interventricular septum.16 The aortic valve intercusp distance was expressed as a fraction of the aortic root diameter.'7 The systolic time interval ratio was derived from LVPEP/LVET. Based on fluid dynamics, stroke volume has been derived echocardiographically in terms of time-varying velocity through either the aortic or mitral valve. The following formulas were applied in this study:
where a is one-half the distance (cm) between the anterior and posterior mitral leaflets at maximal excursion, t open (cm/sec) is the opening slope of the mitral valve and T open (sec) is the time from mitral valve opening to closure"8 ( fig. 1 ). SV = 0.6 ir a2 1/St (2) where a is the radius of the aortic orifice (cm), 1 is the length of the aortic cusps (cm), St is the Strouhal number* (defined as ST = I/U max T open), U max is the peak systolic velocity through the valve (cm/sec) and T open is the period of valve opening (sec)."' SV = 0.5 ir (D/2)2 LVET t close (3) where D/2 is one-half of the aortic diameter, LVET is the ejection time of the left ventricle derived from the aortic valve echogram, and t close (cm/sec) is the closing slope of the mitral valve."' Cardiac index was calculated by multiplying the stroke volume by heart rate and dividing by the surface area.
All reported data were derived from the average of four separate measurements made by a single observer after the tracings had been randomized by number.
Hemodynamic Evaluation
Each time an echocardiogram was obtained, the patient's clinical status was evaluated. The cardiac rate and rhythm, and the systolic blood pressure were recorded. A central mixed venous Po220 and arterial blood gas were obtained and the central venous pressure was recorded. Cardiac output was measured by the indicator-dilution technique using indocyanine green, as previously described.2' Each cardiac medication and its time of administration was recorded.
Analysis of Data
On the basis of their clinical course and cardiac output, the patients were divided into two groups. Group Each time measurements were obtained, the patients from the two groups were compared for each echocardiographic variable. The preoperative and postoperative determinations were also compared within each group. Paired and unpaired t tests were used where appropriate. After this preliminary evaluation suggested that the systolic time interval ratio correlated best with the clinical course of the patients, an analysis of variance of this index for the two groups at the four sampling times was performed. We used a linear regression analysis22 to compare the cardiac index estimations with those determined by the dyedilution technique.
Results
The range and mean for each echocardiographic measurement for the two groups of patients are reported in table 2. Septal motion was normal preoperatively in 16 of 20 patients. Postoperatively it was abnormal (either flat or paradoxical) in 19 of 20 patients. Vcf and %AD, based on the change in LV dimension from diastole to systole, were therefore invalid and these results are not included.
Mean Normalized Posterior Wall Velocity
Mean normalized posterior wall velocity was measured as an index of contractility that is independent of septal motion.5 All values of mean normalized posterior wall velocity were normal regardless of the hemodynamic situation. There was no significant difference between the groups at any time, or between preoperative and postoperative values for either group.
Aortic Root Velocity
The range of normal for this new index based on 50 patients with no cardiac disease studied in our lab is 20-48o. The aortic root velocity was normal preoperatively in all 20 patients, but decreased strikingly in both groups postoperatively. The decrease was more marked in group 2 patients, but the difference was not statistically significant at any sampling time (p < 0.10 at 1, 4 and 24 hours postoperatively). For group 1 patients, the mean aortic root velocity had increased to the lower limit of normal by 24 hours postoperatively. For group 2, the mean value at 24 hours remained well below normal. Only the three patients who died showed a progressive decrease in aortic root velocity over the first postoperative day. In two of these three patients, there was no measurable aortic root velocity at 1, 4 and 24 hours postoperatively.
Left Ventricular Systolic Time Interval Ratio (LVPEP/LVET)
All preoperative measurements of the left ventricular systolic time interval ratio were normal in group 1 patients. Three patients in group 2 had mildly elevated preoperative values. The mean value for group 1 patients was normal throughout the first 24 hours after surgery. However, there was a striking increase at each postoperative determination for group 2 *The Strouhal number is derived from the mean slopes r (cm/sec) of cusp motion vs time, obtained from the echocardiogram of valve opening or valve closure. patients. Using Dunnett's t test, the groups differed significantly at 1 hour (p < 0.01), 4 hours (p < 0.01) and 24 hours (p < 0.05) postoperatively. By analysis of variance, the systolic time interval ratio separated the patients into two significantly different groups at each sample time (p < 0.005) ( fig. 3 ). In group 2, there was a decrease toward normal in most patients. However, the three patients who died had the most abnormal values and showed a progressive increase in the systolic time interval ratio.
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Aortic Intercusp Distance/Aortic Root Internal Diameter (AoICD/AoID) It has been suggested that the aortic valve intercusp distance correlates with cardiac output.17 To allow comparison between patients of different sizes, the aortic intercusp distance was expressed as a fraction of the aortic root internal diameter. There was no difference between the groups preoperatively. The ratio did not change significantly for group 1 patients over the first 24 hours postoperatively. The ratio decreased in group 2 patients, and differed significantly from preoperative values at 1 hour (p < 0.005) and 4 hours (p < 0.02) postoperatively. AoICD/AoID was consistently lower at each postoperative reading for group 2 patients, but only the difference at 4 hours was significant (p < 0.05).
Mitral Valve Amplitude (MVa/Dd)
A reduced mitral valve amplitude has been observed in patients with low cardiac output. To allow comparison between groups, the mitral valve amplitude was expressed as a fraction of LV Dd. There was no difference between the groups preoperatively. Mitral valve amplitude did not change in either group of patients during the first 24 hours postoperatively. Recent studies have shown that the distance from the tip of the anterior mitral leaflet to the interventricular septum at end-systole correlates well with cardiac output in adults.'6 Preoperatively, the groups did not differ significantly. There was an increase in this measurement postoperatively for both groups of patients, with a trend toward the preoperative level over the first 24 hours. The groups differed 
C'ardiac Index
Because septal motion was abnormal in 19 of 20 patients postoperatively, the formulas in common use to determine stroke volume could not be used. Two patients had persistent right-to-left intracardiac shunting during the study period, so no indocyanine green determinations were obtained. Two patients with abnormal mitral valve echograms (one with complete atrioventricular canal and one with ostium primum atrial septal defect) were excluded. Of the remaining 48 echocardiograms, 42 were judged to be adequate for this determination. Using the formulas based on the closing slope of the mitral valve19 and the opening slope of the aortic valve,18 no significant correlation could be demonstrated. However, using the formula for the opening slope of the mitral valve,'8 a reasonably good correlation with cardiac index measured by the indocyanine green technique was ob- Discussion The emphasis on early primary corrective surgery in infants and children with congenital heart disease has underlined the importance of meticulous care in the early postoperative period. Echocardiography is an accurate noninvasive technique that appears to be well suited to this application. In this study, 20 patients were studied preoperatively and at 1, 4 and 24 hours postoperatively by echocardiography. Abnormal postoperative septal motion invalidated several indexes. The LV systolic time intervals correlated well with the clinical course of the patients. Changes in aortic root velocity paralleled clinical changes. Echocardiographic estimates of cardiac index based on the opening slope of the mitral valve correlated with dyedilution determinations. In several instances, echocardiographic evidence of a change in status preceded clinical or hemodynamic change.
Previous studies have documented the accuracy of systolic time intervals determined echocardiographically.6 In our study, the LV systolic time interval ratio clearly separated the two groups. The ratio remained normal throughout the study period in group 1 patients, who maintained a good cardiac index without inotropic support. In group 2 patients who survived, the ratio tended toward normal over the 12 hours postoperatively, the patient had a progressive decrease in urine output with stable blood pressure and central venous pressure. Dopamine was started, with some increase in blood pressure and urine output. At 16 hours postoperatively, sudden profound hypotension developed and the patient could not be resuscitated. The chest was opened and there was no evidence of cardiac tamponade. tPatient had slow junctional rhythm that required ventricular pacing from time of surgery. There was a persistent low-output syndrome despite inotropic support with isoproterenol and dopamine. The patient died 3 hours after last echocardiographic study was performed. tThere was evidence of massive right-to-left intracardiac shunting immediately after surgery. Urgent cardiac catheterization performed 12 hours after surgery showed severe residual right ventricular outflow obstruction. Decision made to reoperate, but progressive resistant metabolic acidosis and hypotension developed and the patient died 20 hours after surgery.
Abbreviations: ASD = atrial septal defect; PS = pulmonary stenosis; VSD = ventricular septal defect; CHF = congestive heart failure; S/P = status post; CI = cardiac index determined by indocyanine green dye-dilution technique; Pvo2/Pao2 = central mixed venous partial pressure of oxygen/arterial partial pressure of oxygen; LVPEP/LVET = left ventricular systolic time interval ratio; AoV = aortic root velocity. first 24 hours after surgery. In the three patients in group 2 who died, the left ventricular systolic time interval ratio became progressively more abnormal. It appears that LVPEP/LVET could be used for early identification of patients with potentially poor cardiac performance, and for following the response to therapeutic intervention. Although all patients had chest dressings, clear recordings of the aortic valve were usually obtained with ease.
The aortic root velocity measured in this way is a new index, although the motion of the aortic root has been described previously.23 24 The anterior excursion was felt previously to correlate with stroke volume.23 Expressing the motion in degrees from the horizontal allows comparison between patients of different sizes with different heart rates. The significant decrease in aortic velocity in both groups of patients postoperatively suggests that this index is sensitive to a subclinical reduction in cardiac performance. In group 1 patients, aortic root velocity had reached the lower limit of normal by 24 hours after surgery, whereas in the group 2 patients it remained below normal. The differences in aortic root velocity between groups 1 and 2 were not significant at any postoperative determination (p< 0.10), and there was a wide overlap of recorded values. Therefore, an isolated measurement of aortic root velocity may be of limited usefulness. However, serial measurements of aortic root velocity could be used to monitor the course and therapeutic interventions in a single patient. Only in two of the three patients who died was there no measurable aortic root velocity, which suggests that this in itself may be a poor prognostic sign. The index has the advantage of being easily determined at the bedside.
The more conventional indexes for measuring LV performance and stroke volume could not be applied to this group of postoperative patients because of abnormal septal motion. Using three formulas for determination of stroke volume that were independent of the change in LV dimension from diastole to systole,18' 19 a formula based on the opening slope of the mitral valve was found to correlate reasonably well with the indocyanine green dye-dilution determinations. Clear recordings of both leaflets of the mitral valve at maximal excursion within the ventricle are necessary for this calculation, which is somewhat time-consuming. However, given the difficulties inherent in maintaining patent central lines in small patients and the need for frequent sampling to follow cardiac index determined by the use of the indocyanine green technique, the echocardiographic estimate may be an important adjunct to postoperative management.
Our results seem to indicate that selected echocardiographic indexes can be used to follow cardiac performance and to monitor therapeutic interventions. SUMMARY This study was undertaken to provide a better anatomic description of the location and course of the left coronary artery within a commonly used ultrasonic tomographic plane. Twenty-three hearts were excised at autopsy and scanned in vitro. The locations of the left main (LMCA), left anterior descending (LAD), and left circumflex (LCCA) coronary arteries were confirmed by direct cannulation, by Cardio-Green injection, and by subsequent dissection. While the proximal LMCA was recorded in all specimens, the entire LMCA was visible in only 70%. Proximal portions of the LAD and LCCA were also identifiable in 70% of examinations, and their spatial positions were defined. In most recordings, the first branch of the LAD or LCCA arose distal to the segment seen echocardiographically. The spatial orientation of the ultrasonic beam relative to the LAD and LCCA and the presence of other overlying cardiac structures limit the imaging of these vessels by cross-sectional echocardiography to only their most proximal portions.
IN AN EARLY REPORT Weyman et al.'
demonstrated that the left main coronary artery (LMCA) could be visualized noninvasively using cross-sectional echocardiography. In addition to the normal anatomy and orientation of this vessel, examples of both atherosclerotic narrowing and saccular dilatation of the lumen were presented. Other reports have confirmed the capability of examining the proximal LMCA using cross-sectional echocardiography and of recording obstructions2 3and aneurysms.4 5 In addition, the ability to view this area from the cardiac apex,2 as well as the original parasternal position, provided the potential for orthogonal, or biplane, imaging. Because of the high incidence of atherosclerotic disease in the region immediately distal to the LMCA, it is appropriate to expand our ability to examine the left coronary system. Cases have been reported in which the bifurcation of the left coronary artery was felt to be well visualized on a clinical examination and the most proximal portions of the left anterior descend- ing (LAD) and left circumflex coronary arteries (LCCA) recorded. Ogawa et al. suggested that the detection of obstructing lesions of the proximal LAD is feasible. 2 We undertook the present study (1) to determine the extent of the proximal left coronary arterial system that is within the resolving power of current crosssectional echocardiographic instrumentation, and (2) to confirm the anatomic relationship between the branches of the left coronary artery and a commonly used ultrasonic tomographic plane. We used an in vitro model in which the extent of the LAD and LCCA that lie within the resolving power of the echocardiographic probe could be directly measured and the anatomic course and spatial relationships of these vessels precisely defined. We hope that this work will provide a background for further in vivo echocardiographic study of the proximal left coronary artery.
Methods
Specimens used were obtained from autopsies performed on 23 patients at Wishard Memorial Hospital. The group included 14 males and nine females, ages 18-86 years (mean 48 years). All patients died of noncardiovascular causes; results of the cardiac pathologic examination were normal in 20 patients and revealed atherosclerotic vascular disease in three. All autopsies were performed within less than 24 hours after death. The thorax was opened in the usual fashion and the great vessels were transected several centimeters above the sinuses of Valsalva. The heart was retracted and each pulmonary vein sectioned approximately 1 cm proximal to its insertion into the left CIRCULATION 
